. In this assay, GAL4-EcR and GAL4-DHR38 an ecdysteroid response pathway that is different from were screened in the presence of RXR, the synthetic the one transduced by the EcR/USP heterodimer. rexinoid LG268 (Boehm et al., 1995), and the potent In this paper, we report the characterization of a secplant ecdysteroid muristerone A ( Figure 1A ). Similar to ond ecdysteroid signaling pathway in Drosophila mediprevious work (Baker et al., 2000), the GAL4-EcR/RXR ated by DHR38. This signaling pathway requires heteroheterodimer responded to 100 nM muristerone A as dimerization with USP and utilizes a mechanism that expected but was not activated significantly by LG268 does not involve direct binding of either ecdysteroids alone ( Figure 1A , left). Addition of both ligands resulted or canonical cofactors to DHR38. To further explore the in only a modest increase in EcR/RXR activity (Figure basis for this atypical mechanism, we also show the 1A, left). In contrast, GAL4-DHR38/RXR, which is known X-ray crystal structure of DHR38, which differs from all to have a potent basal activity (Baker et al., 2000; Sutherpreviously characterized nuclear receptor structures by land et al., 1995), was not induced by the addition of lacking both the signature ligand binding pocket and ecdysteroid alone but, instead, exhibited a strong, dosecoactivator binding site. Extrapolation of the DHR38 dependent response to LG268 ( Figure 1A , right). Rexistructure to other members of the NGFI-B receptor subnoid activation of the DHR38/RXR heterodimer is confamily suggests that this structural feature has been sistent with the rexinoid response seen with other conserved throughout evolution. NGFI-B family members when paired with RXR (Perlmann and Jansson, 1995). Surprisingly, however, there Results was a significant, 3-to 4-fold response to muristerone A when it was added together with LG268 ( Figure 1A , DHR38 Functions as an Ecdysteroid Sensor right). A similar response was obtained with the endogeTo investigate the possibility that DHR38 may function nous insect ecdysteroid 20E ( Figure 1B ). Both rexinoid in an ecdysteroid-mediated transcriptional pathway, we and ecdysteroid responses were abolished when a developed a screening assay in which DHR38 was het-GAL4-DHR38 construct was utilized that lacks the lierodimerized with ligand-activated RXR. The feasibility gand-dependent activation function-2 (AF-2) domain. of this approach was based on the finding that RXR can Identical results were obtained (i.e., loss of rexinoid and substitute for USP as a productive heterodimeric partner ecdysteroid response) when the AF-2 domain of RXR for EcR (Thomas et al., 1993 ; see also Figure 1A) . A was also deleted (data not shown). These data suggest distinct advantage of substituting RXR for USP is that that the DHR38 heterodimeric complex is responsive to although ligands for USP are not known, several potent ecdysteroid but, like other RXR heterodimers, it requires RXR ligands (i.e., rexinoids) have been characterized. transactivation of both receptor partners for full agonist We reasoned that assaying DHR38 activity in the presence activity. The results above revealed the possible existence of of rexinoid-activated RXR may be important because pre- two ecdysteroid signaling pathways, one mediated by the endogenous ecdysteroids 20E and makisterone A and the plant ecdysteroids muristerone A, ponasterone EcR and the other by DHR38. To begin to delineate the specificity of the DHR38 pathway and show that it A, and cyasterone. In marked contrast, the GAL4-DHR38/RXR response was promiscuous for several diffunctions independently of the EcR pathway, we utilized double-stranded RNA (dsRNA) directed against the codferent ecdysteroids when LG268 was included as a coagonist ( Figure 2A ). In addition to the compounds that ing region of the EcR ligand binding domain to reduce the expression of endogenous EcR in the SL2 cell assay.
activated EcR, at least six other ecdysteroids (␣-ecdysone, 3-epi-20E, 2-deoxy-20E, 3-dehydromakisterone As shown in Figure 1C , treatment of SL2 cells with increasing amounts of EcR dsRNA completely eliminated A, 3-epimakisterone A, and 3-dehydro-20-deoxyponsterone) also exhibited significant DHR38-dependent acmuristerone-A-dependent transcription when tested using endogenous EcR/USP heterodimers on an hsp27-tivity. Dose-response profiles demonstrated that all of these compounds were more potent agonists for DHR38 EcRE reporter gene. This RNAi-mediated repression of the EcR-dependent response also completely blocked than for EcR ( Figures 2B and 2C ). In fact, 20E, which is believed to be the endogenous hormone agonist for the activity of exogenously transfected EcR ( Figure 1C , right) and GAL4-EcR ( Figure 1D, left) . In contrast, under EcR, exhibited a 100-fold greater potency for DHR38-dependent transcription. These data suggest that the the same experimental conditions where the EcR response was abolished, the GAL4-DHR38/RXR hetero-DHR38/RXR heterodimer is a potent sensor of a distinct class of physiologically relevant ecdysteroids. dimer was fully responsive to ecdysteroid and LG268. These results demonstrate that the DHR38 response to ecdysteroids is independent of EcR.
To define the spectrum of potential DHR38 agonists Activation of the DHR38/USP Heterodimer by Ecdysteroids Requires Transactivated USP and further delineate the differential ecdysteroidal response of DHR38 and EcR, a panel of naturally occurring An unusual characteristic of the DHR38/RXR heterodimer is that it required transactivation of both receptors Drosophila ecdysteroids, phytoecdysteroids, synthetic ecdysteroids, and a synthetic juvenile hormone (methoto elicit an ecdysteroid response. In particular, the DHR38/RXR heterodimer failed to respond to ecdysteprene acid) were tested for activity using the reporter gene assay described above. SL2 cells were transfected roid in the absence of ligand-activated RXR. Interestingly, DHR38 also failed to respond to ecdysteroid when with either GAL4-EcR or GAL4-DHR38 plus RXR and tested for agonist activity in the presence of 10 nM USP, the physiologic partner of DHR38, was used instead of RXR ( Figure 3A) . These results raise the intriguing LG268 (Figure 2A (Figure 2 ). In the presence of 1 M ␣-ecdysone, significant activation above background was seen for GAL4-DHR38 ( Figures 4C and  4D ). In contrast, these ecdysteroids had no effect on GAL4-EcR (Figures 4A and specific stage might be competent to respond to the hormone. In agreement with this idea, a complex and dynamic pattern of GAL4-DHR38 activation can be seen in untreated animals (T.K., unpublished data). This obvated (e.g., by ligand) in order to enable the ecdysteroid servation is consistent with the notion that the endogeresponse. We attempted to address this question by nous DHR38 response may be spatially and temporally using VP16-USP, a constitutively active form of USP regulated by the presence of a number of factors, includthat circumvents the requirement for USP ligand by fusing ecdysteroids, DHR38/USP-specific coactivators, ing the strong transcriptional activation domain of the and potentially a USP ligand. herpes simplex viral protein-16 (VP16) to USP. As expected, in the absence of agonist, the GAL4-DHR38/ VP16-USP heterodimer showed a high constitutive level Structure of DHR38 of basal activity that effectively mimicked ligand-acti-
The results above suggested that DHR38 may function vated USP ( Figure 3A) . Importantly, the addition of murias an ecdysteroid receptor and, like other nuclear recepsterone A to the GAL4-DHR38/VP16-USP heterodimer tors, recruit coactivators upon ligand binding. However, elicited a significant increase in reporter gene activity, despite several attempts using a variety of techniques, analogous to the effect seen with LG268-activated GAL4-including direct radioligand binding and cofactor recruit- The structure consists of 11 ␣ helices with a small threenism in more detail, the X-ray crystal structure of the Drosophilia DHR38 ligand binding domain was solved stranded ␤ sheet arranged in a three-layer helical sandwich. Helices H4, H5, H8, and H9 are packed between (residues 841-1073 in Kozlova et al., 1998) to an R factor of 20% at 2.3 Å resolution using MAD phasing ( 
Conservation between DHR38 and Mammalian NGFI-B Family Members
DHR38 has high sequence identity with the ligand binding domain of the three human NGFI-B subfamily members. A pairwise analysis of these sequences showed that DHR38 has the same level of conservation with each of the human NGFI-B family members as the human receptor subtypes have amongst themselves (Figure 5E ), suggesting that each of these four receptors evolved from a common ancestor. Further analysis of the DHR38 and mammalian sequences revealed that the four phenylalanines that fill the ligand pocket are conserved ( Figure  5F ), as are almost all the amino acids that make up the core of the ligand binding domain ( Figure 5G ). The remarkable conservation between these receptors suggests that the vertebrate NGFI-B subfamily members also do not have a conventional ligand binding pocket.
DHR38 Lacks a Conventional Coactivator Binding Site and Has an Atypical AF-2 Helix
The coactivator binding site in other nuclear receptors consists of a hydrophobic groove formed by helices H3, H4, H5, and the AF-2 helix. In these receptors, the LXXLL motif of the coactivator is positioned within the groove by a charge-clamp interaction involving a highly conserved glutamic acid on AF-2 and a lysine on helix H3 when heterodimerized with a preactivated partner (i.e., ily. Taken together with the finding that these orphan rexinoid bound RXR or VP16-USP). Second, organ exnuclear receptors lack a conventional ligand binding plants from transgenic flies bearing a DHR38-specific pocket, the structural analysis supports the notion that reporter gene were shown to be similarly responsive to these receptors must use an alternate mechanism for effecting transactivation of gene expression.
ecdysteroids, indicating that this pathway can function in vivo. Importantly, the specificity of the DHR38 ecdyAn interesting feature of the DHR38 response is the broad specificity and increased sensitivity that a number steroid activators and the use of RNAi methodology have excluded the involvement of EcR in mediating this of ecdysteroids have for DHR38 compared to the previously described signaling pathway mediated by EcR. response. Third, neither the ecdysteroid agonists nor any of the known nuclear receptor coactivators were Indeed, even the response to 20E appears to be an order of magnitude more potent for DHR38 than for EcR. Thus, capable of binding directly to DHR38. Fourth, X-ray crystallographic structure analysis of the DHR38 ligand binddiscovery of the DHR38 response pathway may not only provide a mechanism of action for other ecdysteroids ing domain showed that DHR38 lacks the classic binding sites for either a ligand or a conventional coactivator, in insects, but may also provide a means of augmenting the ecdysteroid-mediated functions of EcR at specific features that are hallmarks of all other known inducible nuclear receptors. As discussed below, these findings stages in the life cycle. Another striking feature of the DHR38 response is provide compelling evidence for an atypical nuclear receptor transcriptional signaling pathway that mediates that it requires coactivation of its heterodimer partner to become competent for transcriptional activation via ecdysteroid responses in insects.
ecdysteroids The structure of the DHR38 ligand binding domain larval instar of the honeybee. Given the reported activity of these ecdysteroids, it seems reasonable to expect offers an intriguing framework from which several clues about the mechanism of DHR38 action can begin to be that at least one of the pathways governing these responses is mediated by the DHR38 pathway described elucidated. Although we cannot formally rule out the possibility that a ligand could bind to DHR38 by an here. Further support for the hypothesis that a DHR38/ USP heterodimer may play an essential role in ecdysteinduced-fit mechanism or to an allosteric site, we consider both possibilities unlikely. The tight spatial conroid signaling comes from the observation that for all studies reported here. Hs-GAL4-DHR38; UAS-nlacZ or hsethanol.
GAL4-EcR; UAS-nlacZ third instar larvae were maintained on food containing 0.5% bromophenol blue and partial blue gut animals (Andres and Thummel, 1994) were heat treated for 30 min at 37ЊC Cell Culture and Plasmids SL2 Schneider cells were grown in Schneider's Drosophila medium in a water bath in plastic vials with food. Animals were selected at ‫8ف‬ hr before puparium formation, and larval organs were cultured in (Gibco) supplemented with 6.5% super-stripped fetal bovine serum (Gemini) and 1% antibiotic-antimycotic (Gibco) in atmospheric conthe presence of 10 Ϫ6 M ␣-ecdysone or 10 Ϫ6 M 3-epi-20E as described (Kozlova and Thummel, 2002). Tissues were then stained with X-gal ditions at 24ЊC. Insect cell expression vectors pA5C-EcR, pA5C-GAL4-DHR38, pADH-hspEcRE-LUC, and pADH-UAS-LUC were as for ␤-galactosidase expression as described (Kozlova and Thummel, 2002). described (Baker et al., 2000) . For pA5C-GAL4-EcR, the ligand bind-
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